The charge storages behaviors of electrons and holes injected into a continuous nc-Ge layer embedded in SiO 2 synthesized by the Ge ion implantation technique are investigated. The hole injection is found to exhibit a much higher charging speed as well as a better retention in the nc-Ge layer as compared to the electron injection. The better hole retention is explained in terms of slower charge loss to the Si substrate as well as slower lateral charge diffusion as a result of the larger oxide barrier height. The faster hole injection is also attributed to the less significant lateral diffusion of injected holes during the charging period. The results indicate that the oxide barrier height plays an important role in the charge storage behaviors of electrons and holes injected into the continuous nc-Ge layer.
Memory structures based on Ge nanocrystals (nc-Ge) have received much attention for the next-generation nonvolatile memory (NVM) devices due to their extended scalability and improved memory performance, such as low operating voltage, fast program/erase speeds, good endurance and long data retention time. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Such memory structure usually employs a nanocrystal layer located in between of the control oxide and the tunnel oxide to replace the floating gate in a conventional NVM. The memory states can be maintained by the three-dimensional confinement of charges, i.e., electrons or holes, in nanocrystals. 11 There have been many efforts devoted to the structural properties, 2-4 memory effects 5 6 and degradation of memory performance, 7 8 but few research has been done to compare the charge storage behaviors of electrons and holes injected into the nc-Ge layer. Akca et al. studied the charge and discharge dynamics of electrons and holes injected into the nc-Ge based NVM structure. 9 However, their work did not provide the information of the performance difference between the injected electrons and holes in terms of charging speed and charge retention, which are two important attributes for the NVM devices. One of the promising techniques to synthesize nc-Ge embedded in SiO 2 is the low-energy ion implantation technique which is fully * Author to whom correspondence should be addressed.
compatible with the mainstream Si-based technology and is able to achieve well-controlled size and depth distributions of nc-Ge. 4 In our previous work, we synthesized the nc-Ge layer embedded in SiO 2 using the Ge ion implantation technique at an ion energy of 2 keV. 10 The effect of high temperature annealing on the charge storage behavior of electrons in the metal-oxide-semiconductor (MOS) structures containing a continuous nc-Ge layer has been reported. In this work, we further investigate the charge storage behaviors of electrons and holes injected into the continuous nc-Ge layer using capacitance-voltage (C-V ) technique. The different behaviors of injected electrons and holes in terms of charging speed and charge retention are compared and discussed in details.
Ge ion implantation into a 11 nm SiO 2 thin film thermally grown on a p-type Si substrate was carried out at the energy of 2 keV with the ion dose of 3 × 10 16 cm −2 . Subsequently, a 30 nm SiO 2 layer was deposited onto the implanted oxide by the plasma-enhanced chemical vapor deposition (PECVD) technique. High-temperature annealing at 800 C was then performed in N 2 for 30 minutes to transform the narrow excess-Ge region into a continuous nc-Ge layer. Details about the sample fabrication and the structural properties of the annealed sample have been published somewhere else. 10 The nc-Ge layer contains evenly distributed nc-Ge near the Si substrate with an average size of ∼6 nm. the tunnel oxide and control oxide are ∼5 and 31 nm, respectively. To study the charge storage behavior, the MOS structure was fabricated by the deposition of Al gate electrodes and Al backside contact. Figure 1(a) shows the schematic diagram of the MOS structure with a continuous nc-Ge layer embedded in the SiO 2 . All the electrical characterizations were performed with a Keithley 4200 semiconductor characterization system at room-temperature in a light-shielded environment. The charge injection behaviors were investigated by conducting the high-frequency (1 MHz) C-V measurements before and after a constant charging voltage (V CHARGE ) was applied to the gate electrode. The memory effects were confirmed by the flatband voltage shifts ( V FB in the C − V characteristics. The selective injection of electrons or holes can be achieved by choosing the right polarity of V CHARGE . As shown in Figure 1(b) , by applying a positive V CHARGE of 18 V to the gate electrode for 1 s, a positive V FB of ∼2.1 V can be observed from the C-V characteristics. The positive V FB indicates the trapping of electrons in the conduction band of nc-Ge. 11 12 On the other hand, as shown in Figure 1 (c), by applying a negative V CHARGE of −18 V for 1 s, the V FB is −2.4 V. The negative V FB indicates the trapping of holes in the valence band of nc-Ge. 11 12 The relationship between the V FB and the density (Q nc-Ge of trapped electrons/holes in nc-Ge can be described by
Capacitance (pF) where SiO 2 and Ge are the permittivity of the SiO 2 and Ge, respectively, t C is the control oxide thickness between the gate electrode and the nc-Ge layer, and d nc-Ge is the diameter of nc-Ge. The negative sign in Eq. (1) accounts for the fact that the hole injection (Q nc-Ge > 0) leads to a negative V FB , while the electron injection (Q nc-Ge < 0) leads to a positive V FB . With t C = 30.9 nm and d nc-Ge = 6 nm as determined from the TEM image, 10 the Q nc-Ge corresponding to different V CHARGE can be obtained. Figure 2 shows the dependence of Q nc-Ge on the charging time for the electron and hole injection with different V CHARGE . For both electron and hole injection, the magnitude of Q nc-Ge increases with the charging time. However, it is interesting to note that under the same magnitude of V CHARGE , the significant hole injection can be achieved at a much shorter charging time as compared to the electron injection. In other words, the hole injection shows a higher charging speed than the electron injection. For example, the hole injection at V CHARGE = −18 V is noticeable for a short charging time of 100 s, but the electron injection at V CHARGE = 18 V is significant only after a relatively long charging time of 100 ms. As explained later, this phenomena is associated with the lateral charge diffusion along the continuous nc-Ge layer during the charging period. With a sufficient long charging time, all positive V CHARGE lead to the electron injection into nc-Ge (i.e., Q nc-Ge < 0), while all negative V CHARGE lead to the hole injection into nc-Ge (i.e., Q nc-Ge > 0). This suggests that all electrons/holes are injected from the Si substrate to the nc-Ge layer which is very close to the Si substrate. Due to the relatively thick (∼31 nm) control oxide between the nc-Ge layer and the Al gate, the electron injection from the Al gate under a negative V CHARGE is effectively prevented.
After the charge injection, the Q nc-Ge as a function of the waiting time (up to 5 × 10 4 s) was measured. During the waiting period, both the gate electrode and the backside contact were grounded. The C-V measurements and the Figure 3 shows the charge retention characteristics for the electron and hole injections at V CHARGE = 18 V and −17 V, respectively. The charging time was fixed at 1 s. Both of the two charging voltages resulted in a similar magnitude of Q nc-Ge immediately after the charging operation. As the waiting time increases, the magnitude of Q nc-Ge tends to return to its uncharged state (i.e., Q nc-Ge = 0), indicating the loss of injected electrons/holes during the waiting period. Moreover, the loss of injected electrons is faster than that of injected holes during the waiting period. For a total waiting time of 5×10 4 s, the percentage of electron loss is ∼43%, while the percentage of hole loss is ∼33%. The result clearly demonstrates that the hole injection leads to a better charge retention as compared to the electron injection.
Two distinct regions in the charge decay curves after both electron and hole injection can be observed. Over the initial 100 s, the charge decay is relatively fast. However, after the initial 100 s, it can be observed that the charge decay is relatively slower and exhibits a logarithmic relationship between Q nc-Ge and the waiting time. For the MOS structure with a continuous nc-Ge layer, two charge loss mechanisms can be identified during the charge retention measurements. The first one is the charge leakage from the nc-Ge to the Si substrate across the tunnel oxide. 13 14 This mechanism usually leads to a logarithmic decay of trapped charges with waiting time due to the variation of the tunneling probability when more charges tunnel out to the Si substrate. 14 The second charge loss mechanism is the lateral charge diffusion along the continuous nc-Ge distributed layer. 8 Due to the blanket Ge ion implantation, the continuous nc-Ge layer is also present in the oxide areas not under the Al gate electrodes. Thus, a channel of lateral charge diffusion exists due to the charge transfer through the dissolved Ge atoms in the oxide between two adjacent nanocrystals. The lateral Waiting time (s) charge diffusion leads to an extension of charge distribution from one charged MOS structure to its surrounding uncharged nc-Ge outside the MOS structure. In our previous study, 10 the comparison between MOS structures with and without a continuous nc-Ge layer has confirmed that the fast charge decay during the initial waiting period of ∼100 s is due to the lateral charge diffusion along the continuous nc-Ge layer, while the slower logarithmic decay after the initial 100 s is mainly contributed by the charge leakage from the nc-Ge to the Si substrate.
Knowing that the decay of Q nc-Ge for the MOS structure with a continuous nc-Ge layer is caused by two charge leakage mechanisms, the charge retention characteristics in Figure 3 can be further examined. The dependence of Q nc-Ge on the waiting time (t) after the initial 100 s can be fitted by a logarithmic relationship
where a and b are fitting parameters. Such a logarithmic relationship between Q nc-Ge and the waiting time is consistent with the work of Busseret et al. 14 The fitting indicates that for both electron and hole injection, the dominant charge loss mechanism after the 100 s is the charge leakage to the Si substrate. Moreover, the logarithmic decay for the injected holes is slower than that for the injected electrons. This is because the holes injected into the valence band of nc-Ge embedded in SiO 2 theoretically encounter a larger oxide barrier height as compared to the electrons injected into the conduction band of nc-Ge. 9 As a result, the loss of the injected holes to the Si substrate tends to be slower than that of the injected electrons.
The amount of charge loss that is solely due to the charge leakage to the Si substrate during the initial 100 s can be extrapolated based on the fitting. After subtracting the charge loss due to the charge leakage to the Si substrate from the measured charge loss, the charge decay characteristic due to the lateral charge diffusion was obtained and is found to follow an exponential decay. The exponential decay is consistent with previous studies about the lateral charge decay using the technique of electrostatic force microscopy (EFM). 14 15 The percentage of charge loss ( Q/Q 0 ) as a result of the exponential charge decay due to the lateral charge diffusion is given by
where Q is the amount of charge loss due to the lateral charge diffusion, Q 0 is the total initial charges that contribute to the lateral charge diffusion, t is the waiting time after the charge injection, and is the characteristic decay time. As shown in Figure 4 , the percentage of charge loss caused by the lateral charge diffusion during the initial waiting period for both electron and hole injections can be well fitted with Eq. (3 period. The characteristic decay time obtained from the fittings is 19.9 s for the electron injection and 28.4 s for the hole injection, indicating that the lateral charge diffusion of the injected holes is slower than that of the injected electrons. This is because the oxide barrier height for holes in the valence band of nc-Ge is theoretically larger that for electrons in the conduction band of nc-Ge. As a result, the lateral diffusion of the injected holes from one nc-Ge to its adjacent uncharged nc-Ge outside the MOS structure is slower as compared to the case of the injected electrons.
Since the holes injected into nc-Ge have slower charge loss to the Si substrate and slower lateral charge diffusion, the charge retention for the injected holes is better than that for the injected electrons. On the other hand, the phenomenon that significant hole injection can be achieved with a much shorter charging time as compared to the electron injection can be explained as follows. Since the lateral charge diffusion is a fast process that plays a major role during the initial waiting period, it causes the charge loss along the continuous nc-Ge layer during the charging operation and affects the charge injection. Since the lateral diffusion of holes is slower than that of electrons, for the same charging time, the loss of the injected holes is less than that of the injected electrons during the charging operation. Thus, the minimum charging time required to achieve a noticeable Q nc-Ge for the hole injection is much shorter than that for the electron injection.
In summary, low-energy Ge ion implantation at 2 keV followed by a high-temperature annealing has been employed to synthesize a continuous nc-Ge layer embedded in the gate oxide of a NVM structure. The charge storages behaviors in terms of charging speed and charge retention for electrons and holes injected into such continuous nc-Ge layer have been studied. It has been found that the hole injection has a much higher charging speed than the electron injection, and the injected holes show a better charge retention as compared to the injected electrons after charging. Two charge loss mechanisms have been identified. The better hole retention has been explained in terms of slower charge loss to the Si substrate as well as slower lateral charge diffusion due to the larger oxide barrier height encountered by holes. The faster hole injection is also attributed to the less significant lateral diffusion of the injected holes during the charging operation. The results indicate that the oxide barrier height significantly affects the charge storage behaviors of the electrons and holes injected in the continuous nc-Ge layer. For the NVM application of the ion-implantation-synthesized ncGe layer, the hole injection scheme could be more promising as it offers better memory performance as compared to the electron injection.
